Surface water receives a variety of micro-pollutants that could alter aquatic organisms' reproduction and development. It is known that a few nanograms per litre of these compounds can induce endocrine-disrupting effects in aquatic species. Many compounds are released daily in wastewater, and identifying the compounds responsible for inducing such disruption is difficult. Methods using biological analysis are therefore an alternative to chemical analysis, as the endocrine disruption potential of the stream as a whole is considered. To detect hormonal disruption of thyroid and oestrogenic functions, fluorescent Xenopus laevis tadpoles and medaka (Oryzias latipes) fish larvae bearing genetic constructs integrating hormonal responsive elements were used for physiological screens for potential endocrine disruption in streams from an urban wastewater treatment plant. The
INTRODUCTION
The occurrence of endocrine disruptors (EDs) in the environment has often been reported in the literature. These molecules have three distinctive modes of action on living organisms: they can mimic, block or interfere with hormonal activities (WHO ; Kortenkamp et al. ) . Studies have shown that EDs trigger a modification of the endocrine system by targeting several organs in the body such as the ovaries, the thyroid and the liver, etc. (Tata ) . Nevertheless, no clear relationship has yet been established between adverse health effects and exposure to EDs in humans; nonetheless, EDs have been clearly shown to cause abnormalities and impair reproductive performance in wildlife (EEA ; Kortenkamp et al. ) . Several reasons can be put forward for this disparity: (i) differences in physiology between humans and commonly studied species of wildlife; (ii) differences in exposure routes between humans and aquatic species; (iii) differences in the concentration of pollutants between rivers and farmland compared with drinking water and food for human consumption; and (iv) a lack of reliable and sensitive markers of human exposure to EDs.
EDs are today often discharged by human activities into urban sewage networks. The treatment of urban wastewater and operation of water works are critical steps to minimize the environmental burden imposed by natural and synthetic micro-pollutants and protect humans and the environment from these pollutants' adverse effects. The problem is that today these compounds are present in many products used on a daily basis, such as plastics, personal care products, medication, etc., rendering decreases in consumption/substitution economically and chemically difficult or impossible. As wastewater treatment plants (WWTPs) receive wastewater containing all these compounds, understanding their fate during treatment and the removal performance are of importance. However, assessing the efficiency of treatment options requires a thorough analysis of the qualities and characteristics of influents to define an overall performance of treatment options, as well as the treated wastewater quality. Given the complexity of the subject, the wide variability between the different existing treatment options and the diverse characteristics of urban wastewaters, a simple device to evaluate the treated wastewater quality would be an important tool for the decision-maker (operator). Evaluation of the performance of WWTPs is, at present, mainly based on the evaluation of classical parameters (chemical oxygen demand (COD), microorganisms, etc.) and also recently on the removal of emerging pollutants (hormones, pharmaceuticals, etc.) from wastewater. Physico-chemical analyses enable identification and quantification of targeted micro-pollutants, but do not provide any information on the biological effects. Any attempts to improve our understanding of how environmental stressors impinge on environmental health must involve improving our knowledge of the physiological effects of natural and synthetic organic chemicals. Toxicity tests to evaluate acute and chronic biological effects of wastewaters are available today, yet remain inappropriate for evaluating the physiological effects of micro-pollutants. In order to assess such effects, tools to evaluate specific toxicities are necessary. Nevertheless, difficulties still remain in differentiating the effects of micro-pollutants from the effects caused by global physicochemical parameters, such as temperature, pH or oxygen concentration (Macova et al. ) . Thus, one of the major problems facing modern toxicology is the availability of methods or tools allowing the detection of EDs, or other specific effects, and the assessment of their damage in living organisms. In vitro bioassays covering different modes of toxic action (e.g. oestrogenicity, genotoxicity, acetylcholine esterase activity, etc.) performed with enriched water samples are suitable tools for toxicity characterization of wastewater. Nevertheless, they are not designed to replace in vivo tests of whole water samples, which are necessary to correctly identify many types of endocrine disruption that involve multiple organs and tissues.
Using the small fish model, the medaka (Oryzias latipes), WatchFrog has developed an in vivo transgenic reporter line, as described by Scholz et al. () and Kurauchi et al. () . This line harbours the choriogeninH-GFP (ChgH-GFP) transgene. The choriogenin H promoter has been shown to be activated in response to oestrogenic signalling and, in the context of the ChgH-GFP medaka line, the activity of the promoter and therefore the oestrogenic axis is revealed by a green fluorescent signal in the liver of the embryos. At non-regulated embryonic stages this model has been shown to be capable of detecting disruption of the oestrogenic axis by environmentally relevant chemicals (OECD ).
The reporter line for thyroid disruption, named the 'THbZIP' line, was developed using a genetic construct that contains the portion of the gene promoter THbZIP between À246 base pairs (bp) and 130 bp, and includes two thyroid responsive elements (TREs). This natural promoter controls the expression of the fluorescent reporter gene green fluorescent protein (GFP). Thus, the level of fluorescence detected is proportional to the level of transcription of the GFP gene. As the transcription of this gene is regulated by the synthesis/metabolism/transport of thyroid hormone and the subsequent binding of the hormonereceptor complex to the TREs, modulators of the entire thyroid axis can be detected via the level of GFP expression (Fini et al. , ) .
In order to evaluate the quality of treated urban wastewater, this study used small-model organisms (tadpole and fish larvae) to identify and assess its endocrine-disrupting effect.
MATERIAL AND METHODS WWTP
A WWTP located in the south-west of France was selected for this study. The treatment plant has a capacity of 190,000 equivalent inhabitants and uses conventional activated sludge technology. Water originates from domestic, industrial and run-off as the sewer network is a combined network. Characteristics of the wastewater entering the WWTP are detailed in Table 1 (data from 2009).
Monitoring campaigns
A total of eight monitoring campaigns, two per climatic season, were conducted on the WWTP's influent and effluent streams in 2011. Campaigns were conducted on four consecutive days from Sunday to Wednesday. All water samples were taken proportional to flow over a 24-hour period using a refrigerated automatic sampler (Bühler 4010). Samples were stored at 4 W C until analysis. The number of samples taken per stream during each campaign was as follows:
• none, one or two samples (every 2 days) per campaign on the influent stream;
• four samples per campaign on the effluent stream.
A total of 41 wastewater samples were taken: nine for the influent stream and 32 for the effluent stream.
Chemical analysis
Estrone, 17β-estradiol, 17α-estradiol and 17α-ethynylestradiol (EE2) were the only hormones quantified in the wastewater samples, this was to assess whether their concentrations could be linked to oestrogen axis disruption. Liquid/solid phase extraction was carried out and quantification was performed using high performance liquid chromatographytandem mass spectrometry (HPLC-MS-MS; Thermofisher Scientific (LC : Surveyor Pump and MS/MS : Quantum)) (Herry et al. ) . Triclosan was the only thyroid disruptor analysed. Liquid/solid phase extraction and analyses were performed using a ultra performance liquid chromatograph (UPLC)-MS-MS (Boireau et al. ) . Global parameters were also investigated in order to assess the functioning of the WWTP during monitoring campaigns. French normalized standard methods were used to quantify global parameters (TOC, TSS, COD, ammonium, TKN) in wastewater samples.
Biological analysis (effect measurement)
Before evaluating the endocrine disruption potential of wastewater samples, survival tests were carried out using both organisms. Organisms were introduced to raw influent samples. These survival tests demonstrated that for a 90% survival rate of organisms, influent samples had to be diluted 1/5 with mineral water; in the case of effluent no dilution was necessary.
Thyroid model
Xenopus laevis tadpoles were obtained by mating a transgenic THbZIP male with a wild-type female. The day after the mating, the eggs were harvested and the embryos were sorted and placed in water at 21 W C until stage 45 (Nieuwkoop and Faber developmental staging table, Nieuwkoop & Faber () ). Fluorescent tadpoles were sorted using a fluorescent binocular microscope and placed with the samples at stage 45.
Oestrogenic model
Medaka (O. latipes) fry were obtained by mating transgenic male fish with wild-type females. The fertilized eggs were harvested and fry were raised until hatching. Fluorescent fry were sorted using a fluorescent binocular microscope and were exposed to the samples at day 0 after hatching (JPE0).
Protocol for endocrine disruption assays
Twenty transgenic tadpoles or fish fry were placed in 8 mL of raw sample (mineral water and wastewater) in a six-well plate. The tadpoles were then incubated at 21 W C in the dark and the fish fry were incubated at 26 W C in a 14-10 h light/dark cycle. The medium was renewed each day and the fluorescence measured after 48 h for the fish fry and 72 h for the tadpoles. Samples were spiked with triiodothyonine (T3) for the thyroid assays at a concentration of 3.25 μg L À1 ; this is the same concentration that is naturally present during metamorphosis (Gancedo et al. ) .
To interpret their thyroid disruption potential, the fluorescence of the tadpoles in contact with samples, spiked or not, was compared with the reference sample, spiked or not spiked. To interpret the oestrogenic disruption potential, the fluorescence of the fish fry in contact with wastewater samples was compared with the reference sample, spiked or not, with EE2 at a concentration of 300 ng L À1 , a dose known to induce sex reversal in fish (Seki et al. ; Caldwell et al. ). The quantification protocol was a measure of fluorescence visualized by transparency and induced in the organisms when a biological function is activated. A Leica macrofluo robotized fluorescent reader was used to measure the fluorescence of the tadpoles, and a fluorescent binocular imaging system from Leica was used for the fish fry (Figure 1 ).
Statistical analyses
The data were analysed according to the Organisation for Economic Co-operation and Development guidelines for statistical analysis of ecotoxicity experiments (OECD ). Each experimental group was analysed to determine whether the distribution of values followed a normal distribution. In this case, a test on the variance (ANOVA) was performed followed by a pairwise post hoc test to compare each group with the control group T3 (Tukey test). If one or more experimental groups did not follow a normal distribution, a test on the variance was performed (Kruskal-Wallis) followed by a post hoc test to compare pairs in each group or reference samples and reference samples spiked with T3 (Dunn's test).
RESULTS AND DISCUSSION

Chemical analysis
Global parameters quantified in the influent and effluent streams (results not reported) showed that no apparent dysfunction occurred in the WWTP during the eight monitoring campaigns conducted in 2011. Ethynylestradiol was identified in both influent and effluent streams; however, it was below the limit of quantification (LOQ ¼ 1.6 and 0.8 ng L À1 respectively).
Estrone was the hormone identified at the highest concentrations in the influent stream regardless of the season followed by 17β-estradiol and 17α-estradiol (Table 2) . Estrone and 17β-estradiol were the only hormones quantified in the effluent stream. Calculated removal efficiencies of hormones by the WWTP were between 79 and 98%. These values were generally higher than treatment efficiencies reported in the literature (Zorita et al. ) .
Concentrations of estrone in the effluent stream were lower compared to concentrations reported by Atkinson et al. () .
Endocrine disruption assessment
Fluorescence in tadpoles was visible using the macrofluo robotized fluorescent reader (Figure 2 ). For fish fry, a green fluorescence was visible in the liver through the binocular imaging system (Figure 3 ).
Interpretation of endocrine disruption assays
Assays were interpreted using the statistical analyses performed after quantifying the fluorescence of organisms in contact with different samples (wastewater (spiked or not), reference sample (spiked or not)). Each sample was assigned a risk depending on the results obtained by comparing the fluorescence of organisms in contact with spiked and nonspiked wastewater samples with those in a non-spiked reference sample and a spiked reference sample. The aim of this approach was to evaluate the effect on the physiology of organisms (biological effect) and not to identify a mechanism of action of micro-pollutants. The following section describes the rationale for determining the level of risk of each sample.
Thyroid assay interpretation
Results were interpreted using the following classification scheme.
• Risk 0: Organisms in contact with a reference sample (mineral water) were compared with those in the wastewater sample. When statistical analysis between the wastewater sample and the reference sample revealed no significant difference the sample was classified as inert.
• Risk 1: Organisms in contact with the reference sample were compared with those in the wastewater samples. When statistical analysis between the wastewater sample and the reference sample revealed a significant difference, the sample was classified as suspect.
• Risk 1b: Organisms in contact with the reference sample were compared with those in the spiked wastewater sample. When statistical analysis between the spiked wastewater sample and the spiked mineral reference sample revealed a significant difference, the sample was classified as suspect.
• Risk 2: Organisms in contact with the wastewater sample were compared with those in the reference sample and organisms in the spiked wastewater sample were compared with those in the spiked reference sample. When the wastewater sample was statistically different from the reference sample and when the spiked wastewater sample differed statistically from the spiked reference sample, the sample was classified as being of high risk of endocrine disruption.
• Risk 3: Organisms in contact with a wastewater sample were compared with those in a reference sample spiked with T3. When the level of fluorescence of the wastewater sample reached the level of fluorescence of the mineral water, the sample was classified as a thyroid axis disruptor.
Oestrogenic assay interpretation
• Risk 0: Organisms in contact with the wastewater samples were compared with those in the reference sample. When no statistical differences were revealed, the sample was considered inert.
• Risk 1: Organisms in contact with the wastewater samples were compared with those in reference sample. When statistical differences were revealed, the sample was considered suspect.
• Risk 2: Organisms in contact with the wastewater samples were compared with those in spiked reference sample. When the level of fluorescence of the wastewater sample reached the level of fluorescence of spiked mineral water (300 ng L À1 EE2) the sample was classified as an oestrogen axis disruptor. The interpretation of the results using the above scheme to determine thyroid and oestrogenic disruption of wastewater samples is shown in Table 3 . Most of the influent samples expressed a suspected or confirmed thyroid disruption. In most cases, the WWTP eliminated the thyroid effect from the influent stream. Of the 32 wastewater samples taken of the effluent, four induced thyroid disruption and three were suspected to induce thyroid disruption. Effluent 4 was the only sample classified as suspect (Table 3) . As the concentration of triclosan in this sample was the lowest, no link could be made between the triclosan concentration and the suspected thyroid disruption caused by the sample; however, owing to the large number of compounds present in wastewater that are proven to be EDs, this finding is not contradictory.
No oestrogenic disruption was visible during the eight campaigns conducted on the wastewater treatment streams. It can therefore be assumed that the presence of estrone, 17α-estradiol and 17β-estradiol, as well as other potentially unidentified compounds with similar or competing modes of action, did not have an overall net oestrogenic potential sufficient to induce a physiological effect (Table 3) . This study focused mainly on the induction of pro-oestrogenic disruption in water samples; however, a few additional assays were conducted to determine potential inhibition of oestrogenic activity and it appeared that some samples expressed this tendency (results not shown).
No clear connections could be established between the concentrations of hormones, triclosan and other micropollutants in the different streams and the induction of a physiological response. This phenomenon could reflect that the complex interactions of different compounds in wastewater can lead to a variety of overall effects. Foreseeing interactions (antagonisms, synergism, etc.) between all compounds in a wastewater stream are, today, still unclear, especially in complex matrices, such as wastewater. This further stresses the importance of having a tool that can help decision-makers evaluate wastewater streams as a whole.
CONCLUSION
The results obtained in this study demonstrate that the thyroid effect was detected more often than the oestrogenic effect; moreover, this effect was present most of the time in the influent stream of the studied WWTP. These observations are, however, different from those currently reported in the literature. The following conclusions can be drawn from the study.
• In vivo assays are today adapted to the evaluation of raw effluents of WWTP. In order to conduct the same assays on the influent streams and guarantee the survival of organisms, dilution of the influent stream is necessary.
• The aim of this test is to evaluate the effect on the physiology of organisms (biological effect) and not to identify a mechanism of action.
• The assays are very easy to put in place because the protocol is simple and enables a global evaluation of the stream. It is not necessary to preprocess (extraction, purification, concentration) the samples, which in contrast to other tests, such as in vitro.
• The thyroid effect of wastewater was either reduced or removed by the treatment plant in most cases; no oestrogenic effect was detected in any of the wastewater samples.
• Hormone removal performance of the WWTP was very satisfactory with concentrations released in the effluent below concentrations reported in the literature.
• Little is known regarding the interactions of molecules present in wastewater and these interactions could severely affect the potential of a sample to disrupt an organism's physiology. The next step of this work is to implement this system online to evaluate the endocrine disruption potential of different effluent streams.
